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d Tll93 Th . . T1 200 t 7 l l . l , an . e 1somer 1n is apparen ly a + eve , 1n c ose analogy with other known even-mass thallium isotopes. Considerable evidence was accumulated that in the odd-mass thallium nuclei, including the previously studied Tll97 and Tll95, the metastable state has spin and parity 9/2-. Such a state is not expected to occur at low energ~es in these nuclei, and its nature, therefore, presents an interesting problem. Tl + xn After evaporation of the x neutrons, the residual thallium nucleus loses the last few MeV of its excitation by emission of gamma-rays; ··J:r a metastable state of millisecond to minutes half-life occurs in this cascade, those transitions following the decay of the isomeric level will be kept alive into the time interval between beam bursts, and can be observed without interference from all the more numerous prompt transitions occurring in the nuclear reaction. Of cocrse, if the ground state itself is radioactive, the transitions in the decay of the thallium to the mercury daughter will also appear in the gamma-ray spectrum, but with the different half-life characteristic of the ground-state decay.
Because of the known existence of metastable states of the appropriate millisecond to seconds half-lives in some light thallium nuclei, 1 ' 2 '3 it was felt that a study of these nuclei would provide a good test of the experimental techniques. Because the levels in some of these nuclei have already been studied in the decay of the corresponding lead isotopes, many of the transitions observed in this work were previously known. The greater simplicity of the present method over the study of the decay of a mixture of lead isotopes has yielded some surprising results.
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Experimental
The de-excitation spectra of the excited nuclei produced in the irradiation can be observed using either gamma-ray or conversion electron spectrometers. Because of the higher resolution possible with the latter, most of the work reported here has involved an electron spectrometer of the single wedge-gap type developed by J(ofoed-Hansen, Lindhard, and Nielsen.
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This spectrometer has been described previously.5 The detector used is an anthracene crystal cemented to an RCA 6655A photomultiplier tube. After amplification, the pulses from the phototube are passed through a singlechannel analyzer in order to reduce the background. The operation of the spectrometer is semi-automatic. After a certain (pre-set) amount of beam has irradiated the target, the number of counts that have passed through the single-channel analyzer is recorded in a 100-channel analyzer operating as a multiscaler, knd the magnet current is increased by a small pre-determined quantity. The magnet current remains at this new value until the selected amount of beam has again struck tpe target and the number of counts at this new setting has been recorded in the next channel of the mul tiscaler:; then the current is again raised by the small increment. This can be repeated until 98 points have been taken, and then the magnet must be re-cycled and the pro~ammer reset in order to continue taking the spectrum.
The energies of the conversion electron lines observed were determined by interpolation between lines known from other measurements. The known and unknown lines were all measured in the same 98 channel magnet sweep so as to avoid errors due to hysteresis effects in the magnet.
The relative intensities of the conversion electron lines were obtained from the electron spectra by integrating the electron peaks, subtracting out background, dividing by the value of Hp for tbe line, and multiplying by a correction factor d(Hp)/di to account for the fact that the points in the spectra are taken for equal magnet current increment.s rather ;th~n equal increments in Hp. The resulting relative electron intensities given in tab_les l-5 are normalized to the strongest line of a particl:llar spectrum. From thE;.se relative intensities, K/L ~onversion electron ratios were determined, and.from the ratios, multipole assignments were made using the theoretical conversion.
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coefficients of Sliv and Band. Applying.the theoretical K-electron conver~ sion coefficients to the relative intensities of the K-lines allows ca;Lculation of the relative gamma-ray and total (conversion electron + gamma-ray) transition inten~ities.
Two-or three-point decay curves can be taken for the 98 channel spectrum by dividing the interval between beam pulses into two to three equal sections (timewise) and recording each section separately on an analyzer ~sed as a multiscaler~" For longer half-lives, a multi-channel analyzer can be used as a time analyzer for the decay of a single line in the spectrum. Thus, it is not difficult to obtain decay curves for the observed conversion li.nes.
The assignment of the transitions produced in a particular bombqrd- According to the level scheme of Tll99m in fig. 7 , the intensity of the 367-keV transition must be equal to the sum of the intensities of the 382-and 353-keV transitions. This is shown tone the case in column 7 of . In order to produce Tl 1 9 7 m, the He 4 ion energy was increased to about 42MeV, the full energy of the Hilac. Also, a relatively thin gold target (5 mg/cm 2 ) was used in order to reduce the amounts of the heavier thallium isotopes produced. Under these conditions, the a,3n and a,4n reactions occurred predominantly, producing Tl 1 9 8 and Tll97. -However, it was not easy to make a reliable estimate of the relative amounts of these isotopes produced.
The electron spectrum taken under these bombarding conditions, and The data on the Tll97m electron lines are given in The spin of the ground state of Tll97 has been measured9 to _be l/2.
Again, the E2-Ml mixture of the 385-keV transition requires that the first excited state can only have spin 3/2, and the isomeric state then most likely has spin 9/2. In no case can the spin be higher than 9/2, unless one again invokes a low energy unobserved transition. and gave a 9.5±1.5 min decay. This is in reasonable agreement with the previous value of 11.4±1.4 min; 13 however, we did not observe a prominent 109-keV transition associated with this activity as was previously reported. Perhaps we made predominantly the ground state of Tl 1 9 2 rather-than the 7+ isomer which was probably made previously. Possibly the lines of the 109-keV transition were just masked by other lines that were present in this energy region on our spectra. Electron lines from Tll95 decay were identified, and also the ...
half-life of the very prominent 241-keV electron line in the decay of Tl 1 9 3 -was measured, giving 25±3 ~in. This is in excellent agreement with the pre-13 vious value. For almost all these isotopes, the decay of the mercury daughters was also observed. Thus the association with mass number of the short lived activities was ~uite clear. The level schem~ proposed for Tll95m is shown in fig. 7 . Our data do not show that the 99-keV transition is E3; however, it was so assigned previouslyl,ll and we find no evidence to suggest otherwilise. Our K/L ratio for the 383-keV transition is 3.8±0.3, which indicates 74±8% E2 and 26±8% Ml. The level scheme suggested is strictly analogous to the previous two odd-mass thallium isotopes, and differs from the earlier work again in that the 99-keV E3 transition terminates at the 383-keV 3/2+ level rather than at the 776-keV 5/2+ one. This is clearly shown in our spectrum by the absence of the Kline of the 393-keV transition, which would have been over twice as intense as the Kline of the 383-keV transition if both transitions were in the cascade. The total intensities of the 99-and 383-keV transitions are given in column 7 of table 4, and we feel these are sufficiently similar to be consistent with the cascade arrangement of fig. 7 . Our use of thick targets produced sizeable tails on the lines, and for energies as low as 90 keV estimation of this tail can be rather uncertain.
The level scheme proposed for Tll93m is also shown in fig. 7 . In this case the E3 transition is not observed, and our experimental limit on the energy is less than 25 keV. The 365-keV transition, which was shown to be converted in thallium and to belong to mass number 193, appears to correspond to the usual first excited state-to-ground state transition of the odd-mass thallium isotopes. The K/L ratio of 3.8±0.4 indicates 71±10% E2 and 29±10% Ml.
In all four of the odd-mass nuclei studied, the E3 transitions must come from a 9/2-level, rather than a ll/2-level, unless the sequence ll/2 (E3) 5/2 (unobserved Ml) 3/2 (Ml-E2)l/2 occurs systematically. We can set an upper limit for the energy of the unobserved Ml transition of 2 keV in Tll99, UCRL-1'060~:3 and of 25 keVin the other three cases. We feel that an ll/2 spin is virtually completely ruled out by the necessity of such unobserved low energy transitions in all four cases, and by the difficulties in accounting for 5/2+ levels, never directly observed, but occurring systematically in all these nuclei a few keV above the first excited state (of spin 3/2).
Discussion
In all the odd-mass thallium isotopes studied thus far, the ground state has spin l/2, and states having spins 3/2 and 5/2 occur systematically as low-lying excitations (see fig. 7 ). In the early work on thallium isotopes, these states were assigned as the s 112 and therefore that they very likely come from 9/2-levels. There is no 9/2-level a¥ailable in this region from a strict single-particle model approach except for the h 9 / 2 orbital from the next shell, which is expected at a considerably higher energy in these nuclei. Thus, the predominant component of the observed levels is most likely not a pure single-particle orbital. One UCRL-l0603 way of producing sucha 9/2-lev:el is to couple the hll/ 2 proton hole explicitly to two unpaired neutrons or neutron holes. Another less detaied way i,s to couple the h 11 / 2 pnbton hole to a collective 2+ excJtation (vibration) of the residual even-even core. These. are not basically dif.ferent. models, but.
correspond to two different methods of analysis of the same type of (collective)
state.
The first method is an extension of the well-known coupling of three . l. 16-18 (or five or seven) nucleonsor holes of spin j to a total spin of J-. dence. For an h 11 i 2 particle and core excitation of spin two, the multiplet contains 7/2-, 9/2-, ll/2-, 13/2-and 15/2-levels, and k can take on the values 0,1,2,3,4. The monopole term does not contribute to a splitting of the multiplet, but the other four terms all do. Since the relative importance of the dipole, quadrupole, and the higher terms are not known without a detailed calculation using a specific nuclear force, the expression cannot be used ~priori to calculate the level sequence, but it is of interest to note that with just the dipole term, .and a smaller admixture of the quadrupole term, the 9/2-level can be made to lie lowest in the sequence of collective (vibrational) levels.
The importartt~feature of the above discussion is that i t is possible to find an explanation for the existence of a 9/2-level in these thallium isotopes, and even to expect that it might lie fairly low in energy. That it;
indeed lies lowest of all the odd parity levels is surprising to us, but seems quite clearly shown by the data of the previous sect_ion. We might hope that such a seemingly unexpected result can indicate something fairly explicit about the nuclear forces involved.
Although, the 9/2-level lies lowest, the ll/2-and/or 13/2-levels must not lie very much higher in Tl 1 9 7 ,l95. The half-lives for the electron capture dec~y of Pb 1 9 7 m,l95m rule out the possibility of direct, electron capture from these i~3/ 2 ,.isomeric states in lead to the 9/2-states in thallium;
such first forbidden unique decays would require impossibly large decay energies to yield the observed half-lives. For example, consider the case of Pbl97m. In the case of the newly,observed E3 transition in T1 199 , the energy and reduced transition probability fit very well into the pattern established by the mass 197 and 195 transitions, as shown in fig. 7 and table 6. These systematics also indicate why the E3 radiation in Tll93 was not seen directly (experimental limit < 25 keV) but only through the 2.1 minute decay of the 365-keV Ml-E2 cascade transition to the ground state. From fig. 7 , the estimated energy of the E3 transition in Tl 1 9 3 would be less than 30 keV. A similar upper limit for the energy of the E3 transition can be obtained from its half-life by extrapolating a value for the reduced transition probability from the sequence for the corresponding de.cays in Tll99' l97' l95, and assuming that there is negligible electron capture branching from the 9/2--level. Such a calculation shows that the energy is less that 25 keV, and probably below the L-electron edge at 13 keV.
The nature of the excited states in the even-mass thallium isotopes is 
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